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^5 ' Abstract. Several popular cosmological models predict that most of the bary- 

I onic mass in the local universe is located in filamentary and sheet-like structures 

■"^.^ , associated with groups and clusters of galaxies. This gas is expected to be gravi- 

,.1^ ■ tationally heated to ~ 10® K and therefore emitting in the soft X-rays. We have 

investigated three fields with large scale structures of galaxies at redshifts 0.1, 
0.45, 0.79 and found signatures of warm-hot thermal emission (kT< 1 keV) cor- 
related with the distribution of galaxies for the first two. The correlation and the 
properties of both X-ray and galaxy distribution strongly suggest that the diffuse 
X-ray fiux is due to extragalactic emission by the Warm-Hot Intergalactic Medium 
(WHIM) predicted by cosmological models. 
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1. Introduction atures of the order of T ~ 10^ ^ lO'^K 

distributed in large scale filamentary struc- 
The baryonic census by iFukugita et t^res connecting clusters of galaxies. The 
^1991 clearly tells us that in the local formation of these warm gaseous filaments 



universe we are still missing a significant "^^^ ^° ^^^^^^ °^ baryonic matter mto 

fraction of baryons that are o b served filaments of dark matter formed previously. 

at high redsh if ts iIRbucIi et all Il997t The gravitational potential of the dark 

iRurles Tvt l^. '199^. Hydrodynamical matter heats the gas through shocks and 



mode ls (iCen fc Ostriker, 1999; Dave ct al.. triggers the formation of galaxies. Such 

l2nnl identified a major reservoir of the Warm-Hot Intergalactic Medium (WHIM) 

missing baryonic matter (up to ~ 1/2 n^) can be observed in the soft X-rays (up 

in a very diffuse gas phase with temper- ^ l^^V) as low surface brightness 
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structures. The detection of its radiation 
is hinded by the high Galactic foreground 
emission (Local Hot Bubble and Galactic 
halo), and extragalactic background 
contributions due to groups of galaxies, 
clusters and AGNs. Nonetheless, various 
detections have been claimed, obtained 
either by observing soft X-ray structures in 
coincidence of galaxy overdense regions or 
by detecting a sof t X-ray excess from clus- 
ters of galaxi es (IZanpacosta et all I2fl02 ; 
i Kaastra et al.L 120031: iFinoeuenov et al. . 
I2003t ISoltan et all 119961) . These observa- 
tions have been possible by means of X-ray 
satellites very sensitive to low energies (< 
1-2 keV), such as ROSAT and XMM. 
Another successful method to detect the 
WHIM has been through the detection of 
absorption features of intervening medium 
in the spectra of background QSOs. The 
detectability of such absorption features 
does not depend on the brightness of the 
filaments but on their column density and 
on the brightness of the QSO in the back- 
ground. So far WHIM has been detected 
through the absorption of high ionization 
oxygen and neon lines in the X-rays (e.g . 
Ikicastro et al., 2002; M athur et all |2003|) 
probing the hotter component, and in the 
far-UV (by means of FUSE and HST) 
probi ng the cooler component (see iTripnl . 
I2OO2I for a review). 

In this contribution we will show the 
analysis of three fields in regions with 
low Galactic hydrogen column density with 
candidate filaments up to redshift 0.8. In 
two of them we detected WHIM emis- 
sion correlated with galaxy structures at 
low and intermediate redshifts (i.e. 0.1 and 
0.45). In the third we did not find warm- 
hot thermal emission due to the optical su- 
perstructure at the highest redshift z = 
0.79. 

2. The low redshift field 

The first field contains the core of 
the Sculptor supercluster. This region is 
crowded by more than ten Abell clusters 
and, for this reason, suitable for studies of 



filamentary large scale structures connect- 
ing cluster members. This supercluster has 
already been studied with the purpose of 
detecting l arge scale X -ray diffuse emission 
bvISpickcr mannl l|l99fil) and lObavashi et all 
l)2000|) with negative results. 
In order to map the X-ray diffuse emis- 
sion we retrieved from the ROSAT archive , 
and analysed Csee iZappacosta et alll200^ . 
the 10 partially overlapping PSPC point- 
ings inside the region. These data have 
been caref ully reduced by t he so ftware de- 
scribed in ISnowden et alJ l)l994|) in order 
to allow an optimal analysis of low sur- 
face brightness structures. We have sub- 
tracted point sources both by using the 
SExt ractor software l|Bertin fc Arnoiit^ 
Il996j) and by means of a w avelet algo- 
rithm fVikhlin in et all [1998) taking into 
account for th e radially var ia ble R OSAT 
PSF (see Za ppacosta et all l2002l for 
more details). In order to compare X-ray 
data with the galaxy distribution we have 
used th e Miister Redshift Survey Project 
fMRSP. ISpiekermann et all I1994D catalog 
selecting galaxies with magnitude rp < 
20.5. Most of the galaxies in this area for 
which the MRSP could determine the red- 
shift are at the d is tance of the supercluster 
llSchuecker et al. I Il989t ISchuecker fc"Otil 
Il99l|) . A comparison between the distri- 
bution of galaxies and the X-ray ROSAT 
maps in the three bands ce ntered at j keV , 
I ke V and 1.5 keV (see ISnowden et all 
Il994i for their definitions) shows many 
diffuse structures in common. The X-ray 
structures could be the result of either true 
large scale gaseous emission or could arise 
from unresolved AGNs. In order to avoid 
the latter possibility we restricted the anal- 
ysis to the two deepest maps (with ex- 
posures greater than 19 ksec) where we 
are confident that a larger fraction of the 
AGN contribution to the X-ray background 
has been resolved. Moreover we use the 
I keV/1.5 keV band ratio that is a temper- 
ature indicator to discern the WHIM soft 
thermal emission from the hard one of clus- 
ters of galaxies and the non thermal emis- 
sion of AGNs. 
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Fig. 1. Behaviour of galaxy/X-ray correlation for the j keV band. For each bin is showed 
the median value. Vertical dotted lines mark the corresponding temperatures labelled (in 
keV) at the top of the figure. 



We have computed the Spearman's rank 
correlation coefhcient between the 

galaxy distribution and the X-ray flux and 
have found that it increases toward cold 
temperatures (see figure Q for the j keV 
band). This behaviour is what we expect 
from a warm-hot gas correlated with the 
distribution of galaxies. The correlation in 
the softest ROSAT X-ray band for tem- 
peratures kT< 0.5 keV is more than 3ct 
significant. Moreover we have to mention 
that in a parallel program we have obtained 
a marginal detection of a deep OVITKa 
absorption line at redshift of the super- 
cluster in the RGS-XMM spectrum of a 
background quasar located in the vicinity 
(in projection) of the superstructure. This 
finding obtained through a short archival 
exposure (20 ksec) strengthen the evidence 
of the presence of a WHIM in the Sculptor 
supercluster. 

3. The intermediate redshift field 

In that field we have focused our atten- 
tion on diffus e structures detected by 
IWarwick et alJ (|j998) on several partially 
overlapping ROSAT PSPC pointings. 
In particular we have analysed the field 
centered at R.A.(J2000) 10^10^14" and 
DEC.(J2000) -|-51°45'00", obtained with 
an integration of 20 ksec. Our aims were 
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Fig. 2. Flux distributions for the ROSAT 
map (solid line) and X -ray sky siinulation 
(dashed hne) bv lCroft et all lj200lh . 



to detect again these structures measuring 
their physical properties and looking for 
galaxy structures coincident with them. 
Unlike the Sculptor supercluster region 
we do not know the spatial distribution 
of galaxies in this field. For this reason 
we have observed the field with the Wide 
Field Camera (WFC) at the Isaac Newton 
Telescope in service mode on 23 May 2000 
and on 15 March 2001 in five broad band 
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filters in order to obtain the photomet- 
ric redshift es timates by means of the 
Hyperz code (jBolzonella et all l2000l) of 
the galaxies selected b y SExtractor (see 
IZanpacosta et al 1 120021 for details). 
For what concerns the X-ray maps reduc- 
tion we haye applied the same algorithms 
used in the previous field and finally 
corrected them for the HI absorption. 

The detected structures are simila r 
to those found by I War wick et all l)l998() . 
Moreover we have compared the flux dis- 
tribution in our map with the emission of 
X-ray sky maps simulated by ICroft et al.l 
l)200l|) in the energy range 0.2-0.3 keV (see 
fig. 13). We have found that the flux dis- 
tribution in our field is in good agreement 
with the simulations. 

In figure |3| is reported the compari- 
son between the i keV band flux (con- 
tours) and projected galaxy distribution 
(grey scale) at redshift Zph = 0.45 ± 0.15. 
The main X-ray peak is coincident with 
the main structure in galaxies. The prob- 
ability of a random coincidence of the two 
maxima is < 1%. We have measured the 
spectral shape of the X-ray structures us- 
ing the fluxes in the three X-ray ROSAT 
bands mentioned in the previous section. It 
can be modelled only by a thermal emis- 
sion due to WHIM at temperature kT~ 
0.3 keV. Moreover we have calculated that 
the density of emitting warm-hot gas cor- 
responds to 8 X 10~^cm~'^. This estimate 
is in good agreement with the cosmolog- 
ical simulations that predict that at this 
redshift a WHIM should have a density of 
~ 3 X 10~^cm~^ while gas in groups of 
galaxies should be two order of magnitude 
denser. 

In conclusion we have found an X-ray large 
scale structure with 0.2-0.3 keV flux, spec- 
tral shape and density in agreement with 
the predictions of cosmological simulations 
for the warm-hot baryonic gas at low red- 
shift. Moreover this structure is coincident 
with an overdense region of galaxies at red- 
shift z ^ 0.45. These evidences strongly 
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Fig. 3. The projected density of galax- 
ies (grey scale) over th e central region of 
the^ keV ROSAT field ijZappacosta et all 
120021) . The grey areas indicate overdense 
galaxy regions. The thin dot-dashed con- 
tour delineate the mean X-ray emission 
while thick solid and thick dashed ones re- 
gions with higher and lower X-ray flux. The 
thin solid grey lines show the pattern of the 
wide field ccd array. 



support the idea that we have detected the 
emission of a WHIM at redshift z ~ 0.45. 

4. The high redshift field 

The last field is a region in the Lockman 
Hole where 8 quasars with z = 0.79 ±0.01 
are present in a few Mpc. Due to this hint of 
large scale structure we have started a spec- 
troscopic survey to investigate more care- 
fully if it is really a superstructure. 
We observed with DOLORES (Device 
Optimized for the LOw RESolution) at the 
Telescopic Nazionale Galileo (TNG) be- 
tween the 26th of February and the 1st 
of March 2003. We used custom masks for 
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RedshifL 

Fig. 4. The redshift histogram for the 104 galaxies with measured spectroscopic redshifts 
in the Lockman Hole. 



multiobjects spectroscopy, each one with a 
field of view of 9.4' x 9.4', mapping a re- 
gion of ^ 324arcmin^. We obtained low 
resolution spectra ('^ llA/px) for at least 
200 objects over the ~ 4000 galaxies de- 
tected with SExtractor in the preimag- 
ing session. The details of the observa- 
tion and the data reduction and analy- 
sis will be reported in a forth coming pa- 
per ijZappacosta et al.l lin prep]) . We could 
measure redshifts for only 50% of objects. 
However we have found 18 objects at the 
redshifts of the archival quasars. Figure 0] 
show the redshift distribution of the ob- 
jects. The sharp peak undoubtedly con- 
firms the presence of a superstructure at 
redshift z~ 0.79. These galaxies spans the 
whole region observed by us. That means 
that the whole structure has a projected 
size of at least 6 Mpc. In this case, simi- 
larly to the Sculptor supercluster field, we 
have tried to look for the X-ray emission of 
WHIM starting from the knowledge of the 
optical superstructure. However detecting 
WHIM at high redshift is an hard task be- 
cause in this case the gas would have the 
bulk of its emission at energies lower than 
those we are probing with ROSAT. That 
means that we have to measure the low flux 
coming from the hard tail of its thermal 
emission. 

We have analysed a deep ROSAT PSPC 
pointing (i.e. 65 ksec) and a 35 ksec XMM 



map in about the same energy range (re- 
spectively 0.15-0.3 keV and 0.2-0.4 keV). 
The I keV ROSAT map show the pres- 
ence of a diffuse X-ray structure coinci- 
dent with the superstructure region. Using 
the other two ROSAT energy bands men- 
tioned above we have found that its spec- 
tral shape is consistent with emission from 
unresolved AGNs (maybe active galaxies 
belonging to the superstructure). Actually 
the XMM map does not show any dif- 
fuse structure showing only point sources. 
However XMM maps in this energy range 
are still more difficult to process than the 
higher energy maps due to lots of spurious 
contributions such as the electronic detec- 
tor noise. Maybe a future more accurate 
analysis and the addition of other XMM 
exposures will be useful to enhance the sig- 
nal to noise and detect lower fluxes to con- 
strain the presence of a warm-hot baryonic 
medium pervading the superstructure. 

5. Conclusion 

We have analysed three fields with low 
Galactic hydrogen column density in which 
we have found galaxy large scale struc- 
tures at redshifts 0.1, 0.45, 0.79. In order 
to detect the local (i.e. z < 1) warm-hot 
baryonic gas (WHIM) predicted nowadays 
by the cosmological simulations we have 
analysed them with ROSAT PSPC archival 
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pointings. For the two lowest redshift fields 
we have found WHIM correlated with the 
galaxy superstructures and with properties 
in good agreement with the simulations. 
For the farthest field we do not detect ther- 
mal emission by warm gas even using a 35 
ksec XMM pointing (in the softest band). 
This is qualitatively consistent with the 
properties of the high redshift WHIM that 
can emits the bulk of its emission at ener- 
gies lower than what the current satellites 
can explore (i.e. < 0.1 keV). 
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